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Experimental RNomics: Identification of 140
Candidates for Small Non-Messenger RNAs
in the Plant Arabidopsis thaliana
Introduction
We initiated an experimental approach, termed “Experi-
mental RNomics”, with the goal of identifying novel non-
messenger RNAs in model organisms [1–4]. Sizes of
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ZMBE non-messenger RNAs range from very large, e.g., up to
17 kb in the case of Xist RNA [5], down to extremelyVon-Esmarch-Str. 56
48149 Mu¨nster small (21–23 nt), as observed for micro RNAs (miRNAs)
(for a review, see [6]). In general, the sizes of the majorityGermany
2Department of Energy Plant Research Laboratory of non-coding RNAs vary from 20 nt to 500 nt, well
below the size of most mRNAs, and are therefore termedMichigan State University
Lansing, Michigan 48824-1312 snmRNAs (small non-messenger RNAs).
In this study, we present the experimental identifica-3Delaware Biotechnology Institute
University of Delaware tion of novel snmRNA species in Arabidopsis thaliana
by generating a specialized cDNA library encodingNewark, Delaware 19711
4Laboratoire de Biologie Mole´culaire Eucaryote snmRNAs from this plant. Recently, the 125 Mb genome
of A. thaliana [7] has been sequenced and predicted todu C.N.R.S.
Universite´ Paul-Sabatier contain 25,498 genes encoding proteins. In the same
study, from the class of snmRNAs, 589 tRNAs, 27 organ-31062 Toulouse
France elle-derived tRNAs, and 13 tRNA pseudogenes could
be identified. Also, all spliceosomal snRNAs have been
experimentally identified in A. thaliana [7].
A large fraction of snmRNAs identified so far in Eu-Summary
karya corresponds to members of the two expanding
subclasses of small nucleolar RNAs (snoRNAs), termedBackground: Genomes from all organisms known to
date express two types of RNA molecules: messenger antisense box C/D and H/ACA snoRNAs, that guide
modification of rRNAs and snRNAs. Homologs of theRNAs (mRNAs), which are translated into proteins, and
non-messenger RNAs, which function at the RNA level two subclasses of snoRNAs have been recently identi-
fied in Archaea, in which they appear to perform theand do not serve as templates for translation.
Results: We have generated a specialized cDNA library same guide function for rRNA modifications [4, 8–10].
The presence in antisense box C/D snoRNAs of hallmarkfrom Arabidopsis thaliana to investigate the population
of small non-messenger RNAs (snmRNAs) sized 50–500 box motifs and 10–20 nt-long complementarity to the
site of ribose methylation has provided the basis fornt in a plant. From this library, we identified 140 candi-
dates for novel snmRNAs and investigated their expres- their identification by a computer genomic search in
several eukaryal organisms, including A. thaliana [11–sion, abundance, and developmental regulation. Based
on conserved sequence and structure motifs, 104 13]. In contrast, no effective genomic search of H/ACA
snoRNAs has been reported so far, mostly due to shortersnmRNA species can be assigned to novel members of
known classes of RNAs (designated Class I snmRNAs), box motif sequences. As a result, only two different
members of this large snoRNA family have been identi-namely, small nucleolar RNAs (snoRNAs), 7SL RNA, U
snRNAs, as well as a tRNA-like RNA. For the first time, fied in a serendipitous way in A. thaliana [12].
Quite recently, two independent studies have focused39 novel members of H/ACA box snoRNAs could be
identified in a plant species. Of the remaining 36 on the presence of miRNAs in A. thaliana, thereby identi-
fying numerous candidates for these RNAs species insnmRNA candidates (designated Class II snmRNAs), no
sequence or structure motifs were present that would plants [14, 15]. In this study, we present the identification
of 140 candidates for novel, small non-messenger RNAsenable an assignment to a known class of RNAs. These
RNAs were classified based on their location on the from the genome of A. thaliana. In addition, we have
analyzed size, abundance, developmental regulation,A. thaliana genome. From these, 29 snmRNA species
located to intergenic regions, 3 located to intronic se- and tissue-specific expression of these RNA species by
Northern blot analysis. This is the first survey of thequences of protein coding genes, and 4 snmRNA candi-
dates were derived from annotated open reading nuclear and organellar small RNA species population in
a plant cell.frames. Surprisingly, 15 of the Class II snmRNA candi-
dates were shown to be tissue-specifically expressed,
while 12 are encoded by the mitochondrial or chloroplast Results and Discussion
genome.
Conclusions: Our study has identified 140 novel candi- cDNA Library Construction and Analysis
dates for small non-messenger RNA species in the plant To investigate the population of small non-messenger
A. thaliana and thereby sets the stage for their functional RNAs in a plant species, we have generated a special-
analysis. ized cDNA library from A. thaliana that encodes novel
candidates for snmRNAs. In order to include develop-
mentally regulated snmRNAs, we used total RNA from5Correspondence: huttenh@uni-muenster.de
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Figure 1. Expression Analysis of Novel snmRNAs
A selection of expressed candidates for novel snmRNAs (Class I and II) in A. thaliana, as deduced by Northern blot analysis including two
developmental growth phases of A. thaliana, the seedling (I) or the adult plant (IV). Sizes of RNAs, as estimated by comparison with an internal
RNA marker, are indicated on the right. Exposure times of autoradiograms are shown below each blot (d: days; h: hours; min: minutes).
four developmental stages for cDNA library construc- using oligonucleotides complementary to the respective
RNA sequence (for selected examples, see Figure 1). Wetion: the seedling, the adult plant, and two intermediate
growth states. Equal amounts of total RNA prepared determined abundance and size of snmRNA candidates
from A. thaliana. In most cases, as observed for otherfrom the four different growth states were size selected
(from 50–500 nt) on denaturing PAGE and reverse tran- libraries, sizes of RNAs as determined by Northern blot
analysis were larger compared to the sizes of the re-scribed for cDNA library construction (see the Experi-
mental Procedures in the Supplementary Material avail- spective cDNAs. This is due to the library construction
strategy (see the Experimental Procedures in the Sup-able with this article online).
Subsequently, we spotted PCR-amplified DNA frag- plementary Material), which interferes with cloning of
the very 5 ends of novel snmRNA species, or to the factments from 30,000 cDNA clones in high-density arrays
on filters. Filters were hybridized with radiolabeled oligo- that RNA structure or modification impeded a complete
conversion of the snmRNA into cDNA. Therefore, ournucleotides directed against the most abundant known
snmRNAs. By this approach, we avoided redundant se- sequences resemble ESTs (expressed sequence tags)
of mRNAs, and we therefore designated them as ERNSquencing of known snmRNAs or rRNA fragments. A total
of 5000 clones exhibiting the lowest hybridization scores (expressed RNA sequence) in our tables (Tables 1 and 2).
were sequenced. The sequences that did not map to a In order to identify candidates for novel snmRNAs that
previously annotated gene were considered as potential are specifically expressed at certain stages of develop-
candidates for novel snmRNAs. A total of 140 clones ment, we have constructed the cDNA library from four
were assigned to this group. developmental growth phases of A. thaliana (see above).
We did not detect a strictly developmentally specific
expression of the RNA species for any of the snmRNAExpression, Abundance, and Developmental
Regulation of Novel snmRNAs candidates. In some cases, however, snmRNAs were
somewhat more stongly expressed at stage I (the seed-To analyze the expression of the 140 candidates for
novel snmRNAs, we performed Northern blot analyses ling) compared to stage IV (the adult plant) or vice versa
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(see Figure 1). Subsequent to Northern blot analysis, we
grouped candidates for novel snmRNAs based on known
sequence or structure motifs (Class I snmRNAs, Table 1)
or the lack of these (Class II snmRNAs, Table 2).
Class I snmRNAs Exhibiting Known Sequence
or Structure Motifs
From our library, 104 cDNA sequences could be as-
signed to Class I RNAs with known sequence or struc-
ture motifs (Table 1 and Figure 2). The 104 snmRNA
candidates were divided into 5 subgroups, whereby 88
belong to members of C/D box or H/ACA box snoRNAs
(Groups 1 and 2), 13 represent homologs to U snRNAs
(Group 3), 2 represent homologs to 7SL RNA (Group 4),
and 1 contains tRNA sequence motifs (Group 4). For C/D
and H/ACA box snoRNAs, a nomenclature (see Table 1)
that is consistent with the one applied to previously
identified snoRNAs in A. thaliana (nomenclature ac-
cording to John Brown, Scottish Crop Research Insti-
tute, Dundee, UK) was used.
Group 1: C/D snoRNAs
C/D box snoRNAs guide the 2-O-methylation of riboses
within ribosomal or spliceosomal RNAs [16]. The pres-
ence of hallmark box motifs in antisense box C/D
snoRNAs has provided the basis for their identification
by computer genomic search in several eukaryal organ-
isms. In A. thaliana, a total of 131 presumptive gene
copies of 69 different antisense box C/D snoRNAs have
been detected by this approach, but only a fraction of
these have been experimentally verified [11–13].
In our screen, we have identified 49 snmRNAs belong-
ing to the class of C/D box methylation guide snoRNAs
(Table 1, Group 1). From these, 30 have previously been
identified by computational analyses and have been
confirmed by experiments [11–13]. Hence, we did not
list them in Table 1. Of the remaining 19 snmRNAs in
that class, 11 represent entirely novel C/D box snoRNAs,
while the remaining 8 snmRNAs of the C/D type were
previously predicted by computer searches; however,
their expression had not been experimentally verified
as of yet. In the mammalian system, methylation guide
snoRNAs are exclusively encoded in pre-mRNA introns
([3], for reviews, see [17, 18]). However, the vast majority
of C/D snoRNAs detected by genomic search have been
found in intergenic regions of the A. thaliana genome
[11–13]. This is also the case for all but two of the novel
C/D snoRNAs identified in our screen.
Interestingly, the two exceptions, Ath-151 and Ath-
313, which are located in an intron or the 3 untranslated
region of a protein-coding gene, respectively, are not
predicted to target rRNA but are predicted to target
spliceosomal RNAs U2 and U5, respectively (see below).
This is the first report of snoRNAs in plants that are
able to modify RNA species other than ribosomal RNA.
Importantly, the predicted methylations, Cm29 in U2 and
Gm41 in U5, have also been experimentally verified in
plants [19].
Four snmRNAs displaying all the canonical motifs of
bona fide C/D box snoRNAs (including a 4- to 7-bp
terminal stem) do not have a cognate target within A.
thaliana rRNAs or snRNAs (Table 1, Group 1). These
novel snoRNAs species might target other non-protein-T
ab
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Figure 2. Novel snmRNAs in A. thaliana
A schematic overview and classification of 140 candidates for small non-messenger RNAs in A. thaliana.
Group 2: H/ACA Box snoRNAs As observed for C/D box snoRNAs, two novel H/ACA
snoRNA candidates that are able to target U2 or U5H/ACA snoRNAs direct the formation of the 50–100
pseudouridines generally found in eukaryal rRNAs [16, snRNAs for pseudouridylation were identified in our
screen (see Figure S1). Ath-402 exhibits two pseudouri-20–22]. So far, this large family of snoRNAs has been
best characterized in vertebrates, in which about half dylation pockets, which target U47 and U50 of U5
snRNA, respectively, while Ath-422 targets U42 in U2of its presumptive members have been identified [3, 20],
and to a lesser extent in the yeast S. cerevisiae [20, 23]. snRNA. Modifications of U47 and U50 in U5 snRNA have
been shown to be conserved between plants and verte-In plants, only two H/ACA box snoRNAs, designated
as snoR2 and snoR5, have been identified in A. thali- brates, while pseudouridylation of U42 in U2 snRNA has
been determined in vertebrates and yeast [19].ana [12].
In our A thaliana screen, a total of 39 novel members of Four snmRNAs, designated as Ath-210, Ath-458, Ath-
488, and Ath-637, exhibiting all the canonical structureH/ACA box snoRNAs have been found. They are mostly
located in intergenic regions of the genome (Table 1, and sequence motifs of bona fide H/ACA box snoRNAs
lack complementarity to rRNAs or snRNAs within theirGroup 2), in contrast to vertebrate H/ACA box snoRNAs,
which are exclusively located in pre-mRNA introns [17, pseudouridylation pockets. In analogy to three C/D box
snoRNAs identified in our screen, which also lack the18]. Intriguingly, however, the proportion of A. thaliana
H/ACA snoRNAs that are intron derived (16 out of 39) expected RNA targets (see above), this could imply that
other RNA targets such as mRNAs exist. For analysisis substantially higher than for the C/D class in this
organism [11–13]. of genomic organization and promotor elements of C/D
and H/ACA snoRNA genes, see the Supplementary Re-Of the 39 novel H/ACA snoRNAs, 33 are unambigu-
ously able to direct the isomerization of a total of 47 sults and Discussion in the Supplementary Material.
Group 3: snRNA Homologsuridines within 5.8S, 18S, or 25S ribosomal RNAs from
A. thaliana; this is based on their ability to form the In our screen, we have identified 12 snmRNA candidates
with similarity to previously reported small nuclear RNAscanonical guide duplex in which the target uridine is
always positioned 14–16 nt from the box H or ACA motif (snRNAs, Table 1, Group 3). From these, four snmRNA
species represent homologs to U1 RNA, three represent(see Figure S1 in the Supplementary Material). Although
pseudouridines in nuclear-encoded rRNAs have not homology to U2 snRNA, two represent homology to U4.1
snRNA, and four represent homology to U5 snRNA (Ta-been experimentally mapped in plants so far, their iden-
tification in humans, mouse, the fruit fly D. melanogaster, ble 1, Group 3). The similarity indicated to respective
annotated snRNA (Table 1, Group 3) always refers toand the yeast S. cerevisiae shows that a substantial
fraction of them are conserved in all or a subset of these the closest match of the novel snmRNA to all previously
reported U snRNA isoforms. The degree of similarityorganisms [24]. This provides a useful background for
an indirect assessment of A. thaliana predicted sites. ranges from 87% (Ath-16a) to 98% (Ath-227c).
Group 4: 7SL HomologsAs detailed in Table 1, a large fraction of them corre-
spond to phylogenetically conserved pseudouridines, In analogy to U snRNA homologs, we could also identify
two novel snmRNA species that are related to 7SL RNAexperimentally determined in other model organisms,
which supports the predicted modification in A. thaliana. (Table 1, Group 4). Four 7SL RNA species have been
previously reported in A. thaliana, 7SL RNA, 7SL-1,A substantial fraction of the novel H/ACA snoRNAs
targeting rRNA (12 out of 33) appear to have pseudouri- 7SL-2, and 7SL-3 RNA. The two novel snmRNA species
identified in our screen, Ath-29 and Ath-383, show 84%dylation guide activity in both hairpin domains, like sev-
eral of their vertebrate or yeast homologs. Ath-280 is similarity to either the 7SL RNA gene or the 7SL-1 RNA
gene (Table 1). The base changes within Ath-29 andeven able to target three pseudouridylation sites, since
its 3 pseudouridylation pocket exhibits complementar- Ath-383 snmRNAs, compared to previously found 7SL
RNA species, either preserve the canonical secondaryity to two different sites in 18S rRNA (the 5 pseudouridy-
lation pocket targets still another site in 18S rRNA). structure of 7SL RNA (data not shown) or are located
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Figure 3. Tissue-Specific Expression of snmRNAs from A. thaliana
Northern blot analysis showing tissue-specific expression of Class II snmRNA candidates. The clone number is indicated on the left of each
Northern blot, and the estimated size of the snmRNA is indicated on the right. The four tissues used in Northern blot analysis are R (root), S
(stem), L (leaf), and F (flower). For clone Ath-241, which exhibits two bands on a Northern blot (with sizes of 162 nt and 70 nt), only the 162
nt band shows tissue-specific expression. As an internal control, ubiquitous expression of 7SL RNA is indicated at the top of each panel.
in single-stranded regions, such as loops or bulges, sequence or structure motifs (Table 2 and Figure 2). We
likely not to interfere with the predicted 7SL RNA sec- cannot rule out the possibility that these RNAs encode
ondary structure. These findings are consistent with a small proteins, although we were unable to identify ex-
preserved functional role of novel identified 7SL RNA tended open reading frames (ORFs) within RNA se-
isoforms, Ath-29 and Ath-343 in A. thaliana. quences: on average, most Class II RNAs lacked reading
Group 5: tRNA-like snmRNAs frames longer than 12 aa. In cases where longer ORFs
A single clone, designated as Ath-74, can be assigned were detected (up to 44 aa), these ORFs completely
to Group 5 (Table 1). It is identical to A. thaliana tRNAPhe lacked ribosome binding sites (a Kozak sequence, or,
from position 33–72, except for a single base substitu- in the case of organellar snmRNA candidates, a Shine-
tion, A to U, at position 58 (numbering according to Dalgarno-like sequence) or a termination codon at their
tRNAPhe). All 13 cDNA sequences from our library differ 3 end, which would be indicative of translated mRNAs.
at the same site from the genomic sequence on chromo- The 36 snmRNAs were assigned to three groups ac-
some 5, possibly indicating a sequencing error at the cording to their location on the genome: Group 1 con-
reported genomic locus. Alternatively, at this point, we tains snmRNA candidates located in intergenic regions,
cannot exclude the possibility that Ath-74 is derived Group 2 contains snmRNA candidates located in in-
from a different locus of the genome, which has not yet trons, and Group 3 exhibits snmRNA candidates derived
been sequenced so far (see above). Ath-74 snmRNA is from ORFs. To exclude false positives as much as possi-
highly abundant in the plant cell, as assessed by North- ble, e.g., randomly, at low-level transcribed RNA spe-
ern blot analysis, and migrates faster than the cognate cies, we omitted all of those RNA species from Class II
tRNAPhe, exhibiting a size of about 53 nt (Figure 1). whose expression could not be confirmed by Northern
The sequence similarity of the Ath-74 snmRNA to blot analysis.
tRNAPhe from A. thaliana includes the CCA end, the con-
served GGTTC sequence in the T loop, and the antico-
don stem and loop. Unlike for the canonical tRNAPhe Tissue-Specific Expression of Class II
gene, the presumed genomic locus for Ath-74 encodes snmRNA Candidates
the CCA end of the tRNA. In addition, in contrast to In order to gain further insight into the possible functions
tRNAPhe, Ath-74 lacks the first 32 nt from the 5 end of of Class II snmRNA candidates, we investigated their
tRNAPhe but contains about 13 nt of non-tRNA-related tissue-specific expression in addition to the analysis of
sequence instead. Surprisingly, Ath-74 snmRNA can be their developmental expression described above. We
folded into an extended rod-like stem structure rather isolated total RNA from four different tissues of the plant:
than the canonical cloverleaf structure observed for the root, the stem, the leaf, and the flower. Northern blot
tRNAs (see Figure S2 in the Supplementary Material). analysis was performed for each Class II snmRNA for
Still, the RNA contains, for example, a mature CCA end, all four different tissues.
indicative that at least parts of the tRNA-processing Surprisingly, 15 members from Class II snmRNA can-
machinery is able to recognize the tRNA-like features didates exhibited a tissue-specific expression pattern
of the Ath-74 sequence. or were expressed preferentially in certain tissues of the
plant (Figure 3). This applies to snmRNAs from any of the
three subgroups, candidates from intergenic regions,Class II snmRNAs Lacking Known Sequence
intron-encoded snmRNAs, and those derived from an-or Structure Motifs
notated coding regions of the Arabidopsis genome. InClass II contains 36 representatives of candidates for
snmRNAs in A. thaliana, which are devoid of known many cases, expression could be observed either mainly
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Figure 4. Mitochondrion- and Chloroplast-Encoded snmRNAs from A. thaliana
Location of snmRNAs on the mitochondrial (left) and the chloroplast genome (right), not drawn to scale. The snmRNA on the left, the genes
flanking the snmRNA candidate, as well as the distance of the snmRNA 5 and 3 ends to flanking genes (in nt) are indicated. Flanking genes
are shown by black arrows; the respective snmRNA genes are indicated by red arrows (mitochondrial genome) or green arrows (chloroplast
genome). For snmRNAs that overlap the open reading frame of a gene, the number of overlapping nucleotides is indicated by a negative
number.
or exclusively in the roots of the plant, or vice versa in tary Material). There is also no obvious conservation of
ORFs, as there are often single nucleotide insertions orthe flower (Figure 3).
deletions in the orthologs relative to the Class II gene
sequences that would result in frame shifts. Similar toSearch for Class II snmRNA Homologs
the alignment of Ath-237, the overall identity is high forBecause of the uncertain origin of snmRNA candidates
the other alignments as well (Table 2). A lower identityfrom Class II, we also searched for homologs in other
would be expected if protein-coding sequences wereplant species to obtain information regarding their evo-
conserved, because third position mutations shouldlutionary conservation. The sequence similarity search
easily arise. Taken together, these observations supportis hampered, however, by the lack of a plant genome
the possibility that several Class II sequences corre-closely related to Arabidopsis thaliana. The only com-
spond to non-coding RNA genes. As more sequenceplete genomic sequence at hand is that from the mono-
information becomes available from additional morecot plant rice (Oryza sativa), which is, however, only very
closely related plant species, we will be able to examinedistantly related to the dicot Arabidopsis thaliana.
alignments of additional Class II genes.The Class II sequences were compared to sequence
Group 1: snmRNAs from Intergenic Regionsdatabases to identify potential homologs. Nine of the
From the 36 Class II candidates for snmRNAs, 29 map toClass II sequences showed significant similarity to se-
regions between protein-coding genes on the A. thalianaquences from other plant species (sequence similarity
genome (Table 2, Group 1). Of these, 20 are encodedranging from 86% to 100%, Table 2). In several cases,
by the nuclear, 4 are encoded by the mitochondrial, andthe similar sequences are cDNAs providing support for
5 are encoded by the chloroplast genome (Figure 4).conserved expression. The alignments with potential
Mitochondria and chloroplasts each contain a circularorthologs are consistent with these Class II sequences
genome with a size of about 376 kb or 154 kb, respec-corresponding to conserved non-messenger RNAs
tively. In mitochondria, three out of four snmRNA candi-genes (a representative example shows an alignment
dates map not only to the mitochondrial but also to theof Ath-237 with a genomic sequence from the dicot
nuclear genome on chromosome 2 (Table 2) due to aBrassica oleracea and cDNA sequences from Glycine
max and Oryza sativa; see Figure S3 in the Supplemen- gene duplication event involving parts of the mitochon-
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drial genome on chromosome 2 [25]. In addition, novel Incorrectly Annotated snmRNA Genes
in the A. thaliana GenomesnmRNA genes are, in most cases, also present in two
copies on the mitochondrial genome (Figure 4). During the course of our work, we also have identified,
in addition to known, correctly annotated protein-codingIn contrast to snmRNA candidates mapping to the
mitochondrial genome of A. thaliana, the five snmRNAs or RNA genes, several tRNA genes, which were found
to be wrongly annotated on the genome of A. thaliana.mapping to the chloroplast genome lack counterparts
within the nuclear genome. In addition, unlike in mito- The genes for these six tRNAs are shown in Table S1
(available in the Supplementary Material): all of the tRNAchondria, they are single-copy genes. Surprisingly, four
out of the five snmRNAs are also tissue-specifically ex- genes were listed in GenBank as being transcribed op-
posite of their proper orientation.pressed (Figure 3). The Ath-230 gene is located between
two non-coding RNAs, tRNALeu and tRNAPhe. Ath-243
maps to the intergenic region between 5S rRNA and 4.5 Conclusions
S RNA (Figure 4). The remaining three snmRNA candi- Our Experimental RNomics approach applied to the
dates, Ath-270, Ath-310, and Ath-587, all precede or plant Arabidopsis thaliana has generated 140 candi-
follow genes coding for proteins that are integral parts dates for small non-messenger RNAs and has consider-
of the photosystem I or II complex. ably extended the number of small non-messenger
Group 2: snmRNAs in Introns RNAs known in plant species to date. From Class I
In general, intron sequences from pre-mRNAs are rap- snmRNAs (snmRNAs that exhibit conserved sequence
idly degraded upon removal from pre-mRNAs. An ex- or structure motifs), we have isolated 39 novel members
ception are snoRNAs that are encoded by a portion of of H/ACA box snoRNAs directing pseudouridylation of
introns in some eukaryal lineages, such as vertebrates RNAs. In addition, we have found 49 members of C/D
[17, 18]. We have found three snmRNA candidates in box snoRNAs directing ribose methylations of RNAs.
our cDNA library encoded by introns (Table 2, Group 2). Among the C/D and H/ACA box snoRNAs, we identified,
Ath-260 and Ath-329 snmRNAs are located within the for the first time in a plant species, four snoRNAs capa-
nuclear introns of gene F8K4.2 and of a putative glycer- ble of modifying small nuclear RNAs. Another snmRNA,
inaldehyde-3-phosphate dehydrogenase gene, respec- Ath-74, that is related to tRNAPhe was found. Because
tively. Ath-602 maps to a group II intron of the cyto- of its tRNA-like features, the snmRNA might have some
chrome b/f gene on the chloroplast genome. The regulatory function in A. thaliana—for example, in pro-
presence of a small, stable RNA species derived from tein synthesis—as predicted for other tRNA-like RNAs [27].
a group II intron might indicate a physiological role for From Class II RNAs (lacking known sequence or struc-
the RNA species, potentially via binding to (a) protein ture motifs), we have identified 36 candidates for small
splicing factor(s). non-messenger RNAs. Surprisingly, 15 of them showed
Group 3: snmRNA Derived from Annotated a tissue-specific expression. Interestingly, out of 36
Open Reading Frames (ORFs) snmRNA candidates, 12 mapped to the mitochondrial
Four candidates for snmRNAs that were derived from or chloroplast genomes. Especially intriguing was the
ORFs or overlapped ORFs were identified in our screen identification of Ath-328 snmRNA in chloroplasts, which
(Table 2, Group 3). According to Northern blot signals, maps to the 3 UTR of the ribulose 1,5-biphosphate
the sizes of the snmRNA candidates were estimated carboxylase mRNA, encoding the central enzyme for
well below the size of the predicted open reading frames CO2 fixation in plant chloroplasts. Our study sets the
from which they are derived. This is consistent with the stage for the functional analysis of all 140 candidates
presence of a small, stable RNA species rather than the for snmRNAs in A. thaliana.
identification of the respective mRNA. Still, at this point,
Experimental Procedureswe cannot exclude the possibility that these snmRNAs
represent extremely abundant and stable degradation
All Experimental Procedures regarding library construction andproducts of mRNAs.
analysis have been published previously [3, 4]. More detailed meth-
Two snmRNA candidates overlapping coding regions ods for library construction and analysis from A. thaliana are de-
are derived from the mitochondrial or chloroplast ge- scribed in the Supplementary Experimental Procedures in the Sup-
nome (Figure 4). Especially intriguing is clone Ath-328, plementary Material.
which maps to the 3 UTR of the ribulose 1,5-biphos-
Supplementary Materialphate carboxylase mRNA encoding a central enzyme
Supplementary Material including the Experimental Procedures asin chloroplasts that catalyses CO2 fixation (Figure 4).
well as a paragraph on the genomic organization and promoterInterestingly, the 3 portion of the Ath-328 RNA exhibits
elements of C/D and H/ACA snoRNA genes from A. thaliana is avail-
a very stable stem structure, characteristic for many able at http://images.cellpress.com/supmat/supmatin.htm.
small, stable RNAs (see Figure S2). Such stem structures
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